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Limited communication resources represent a major chgdlen : Command
in networked telepresence and teleaction systems. Video al Signal
audio compression schemes are well advanced employing m
els of human perception. In contrast to that haptic data re e
duction schemes are rather poorly treated in the known lit | |, Foudback
erature. This paper introduces a novel approach to reduce, ., system interface (Hsi)
network traffic in haptic telepresence systems exploitimg |
its in human haptic perception. With the p_roposed Qeadba.nd Fig. 1. Multimodal telepresence system.
control approach data packets are transmitted only if tipe si
nal change exceeds a signal amplitude dependent perception
threshold. Experimental user studies show that a netwafk tr network traffic is directly related to higher power consump-
fic reduction of up to 85 % can be achieved without impairingtion reducing the lifetime of the mobile agent. In common
the perception of the remote environment. This study is perpurpose communication networks, such as, e.g., the Interne
formed under the assumption of a data transmission with zerte limited communication resources are shared by multiple

Communication
Network

Teleoperator (TO)

communication delay. network applications. High network traffic may lead to net-
work congestion and hence large transmission time delays
1. INTRODUCTION and packet loss. Furthermore, for TCP-friendly flow control

policies in IP (Internet Protocol) based networks, highkeac

Advanced telepresence systems provide a human operaltor wites are hard to maintain, see [3] and references theram F
sensory feedback adressing various modalities of human péhis point of view it is of high interest to reduce the network
ception. Haptic feedback in addition to visual and auditorytraffic. Data compression methods as well as transmission
feedback provides the human operator with more complete irprotocols for digital video and audio are well developed- Pe
formation and increases the subjective feeling of presence ceptual models are successfully employed for the efficient
the remote environment thereby improving the ability to-per compression of video and audio data; codecs such as MPEG-4
form complex tasks [1]. The haptic feedback system as part dideo), MP3 (audio) and multimedia transmission protecol
the multimodal telepresence system is visualized in Figure such as H.323 are standardized and commercialized. In con-
It basically consists of three components: a force feedbackast to that haptic data reduction techniques are rattantypo
capable human system interface (HSI), the remote robet (tel treated in the known literature.
operator) equipped with appropriate sensors, and a communi  One of the major challenges compared to standard coding
cation network for the transmission of the command signal@pplications is the stability requirement associated whth
from the HSI and the sensor information from the teleoperahaptic control loop. Haptic interaction does not only poavi
tor. the human operator witlnformationabout his/her environ-

The transmission resources of typical communication netment, but enables the human operatom@nipulatethe envi-
works used in telepresence scenarios are limited. Sevare coronment. This implies a bilaterakchange of enerdyetween
munication constraints are imposed by the communicatiohuman operator and environment. A closed control loop is
technology and infrastructure in space and underwatep-tele formed by the HSI, the teleoperator and the communication
resence applications, see, e.g., [2] and referencesith&@en- network. Stability of this control loop is a fundamental pro
erally, in mobile (wireless) telepresence applicationghér  erty: an unstable system is inoperable, and furthermore im-

This work was supported in part by the German Research Fdondat poses a severe hazard to the human operator and the environ-

(DFG) within the Collaborative Research Centre SFB 453 ogh#Fidelity ~ Ment. Accordingly, the design goal of haptic data reduction
Telepresence and Teleaction”. techniques is not only to achieve a realistic represemtatfo




the remote environment, i.e. transparency, but also tcaguar 2. STATE-OF-THE-ART
tee stability.

Only few researchers consider the compression of haptit? & haptic telepresence system the human operator moves the
data, mostly by applying quantization schemes [4—7]. DBiffe HSI to command the motion of the teleoperator. The velocity
ential pulse code modulation (DPCM) is proposed in [6, 7],of the HSI is measured in equidistant time intervals aceqydi
adaptive DPCM is considered in [4, 5]. Stability, however,!0 the sampling rate of the local velocity control loop. Far-s
is not discussed, nor are perceptual models employed. [Rility and transparency reasons the local control loopsaipe
packet-switched haptic telepresence systems the corpressat a rate of approximately 1000 Hz. The velocity is commu-
of haptic data has only a small influence on the network traffidicated to the remote site where local control loops ensure
load itself. In current telepresence systems the haptic conthat the teleoperator follows the motion of the HSI. The-tele
mand and sensor data are continously sampled in time at frePerator interacts with the remote environment and the-envi
guencies around 1000 Hz. Every single sample is transmittd@nment force is communicated back to the HSI where local
in an individual data packet resulting in high data packtsa control loops ensure that the environment force is appropri
of approximately 1000 packets per second. As the haptic da@{ely displayed to the human operator. A global control loop
load is comparably small, the protocol overhead accounmts fdS closed over the communication network.
the main portion of the network traffic volume (e.g. about
60 % with UDP/IP and a six degree-of-freedom telepresence.1. Network Traffic in Haptic Telepresence Systems
system). In order to reduce the network traffic the reduatfon o .
the packet rate is more efficient than the reduction of the hap! N€ current paradigm is to transneerymeasurement, here
tic data load. Coarser quantization [4, 5, 7] implicitlyoais veloqty and force, in an |r_1d|V|duaI data packet. The packet
a packet rate reduction, however, it is not considered isethe rate is equal to the sampling rate of the local control loops.

works. In this paper the alternative approach of reducieg th T NiS is visualized in Figure 2 where for an example signal the
packet rate is pursued. time instants of the measurements, i.e. the instants ofrsgnd

a data packet, are represented by circles. Each data packet

The main contribution of this paper is a novel control ap- ists of the data to be t itted and th ket head
proach to significantly (up to 85 %) reduce the network traf-cONSISIS OF the data 1o be fransmitied and the packet header
ontaining information such as, e.g., the destination eskdr

fic induced by haptic feedback syst ithout i iring th
\C Induced by hapric feedback systems Wihoutt Impairing n haptic telepresence systems the data load portion ig-gene

perception of the remote environment. In the proposed dea iiv rath I dtoth ket head the foll
band control approach data are sent only if the differenee p"y rather smafl compared to the packet header as the toflow
example illustrates.

tween the current and the most recently sent value excee%@g le: A haotic tel ith 6 d ‘
a perception threshold. Assuming a velocity-force archite =*@mple: A haptic telepresence system wit egree-or-

ture, the HSI velocity is communicated as command signaflreedom (DoF) is considered with communicati_on overa In-
to the teleoperator, and the interaction force with the ftemo ternet protocol (IP) based network. The Sa”?p"”g rate Is as-
environment is fed back to the HSI. The deadband control i§umed to be_ 1000Hz, hence the packgt rate is 1000 packets/s.
directly applied to velocity and force signals. A new forceCorrespondlng to the number of DoF in each packet at least
value is transmitted to the HSI only if the force amplituds ha 6 values of type float (4 Bytes per value) are sent; the packet

changed by the threshold value. Inspired by the well-known@d iS 24 Bytes . Using RTE/UDPAFHS the protocol for .
empirical laws of sensation and perception such as Weber'§€ fransmission the protocol header is 40 Bytes (12 Bytes fo
RTP, 8 Bytes for UDP, 20 Bytes for IPv4), see e.g. [8] for

and Plateau-Brentano-Stevens law the absolute thresfiold ; h i | ket | h
adapted to the magnitude of the signal to transmit, hereford €erence. The traffic volume per packet is 64 Bytes. The

and velocity. In this paper exemplarily a deadband Controminimal required communication bandwidth is 5QO kI_Sit/s for
strategy is investigated, where the threshold value lipets- the forward as well as for the backward communication path.

pends on the signal magnitude, i.e. corresponding to We- !N haptic telepresence systems, even though the packet
ber's law. Experimental user studies are conducted with d itselfis low, the communication rate requirement isieo
one degree-of-freedom telepresence system to determene tharable to compressed streaming video as the packet rate is
deadband detection threshold. The network traffic is meaZ€"y high. As discussed in Section 1, severe communication

sured during the experiments. Our approach leads to a netonstraints are imposed in typical telepresence scenanibs
work traffic reduction of up to 85% without impairing the hence efficient network traffic reduction techniques aréllig

perception of the remote environment. desirable.

The remainder of this paper is organized as follows: After
an overview on existing approaches in Section 2, the dead-2. State-of-the-Art Data Reduction Methods
band control principle is introduced in Section 3. The ekper

! ) . Data compression methods as well as transmission protocols
mental user study is presented in Section 4.

for digital video and audio are well developed. Perceptual

1UDP - User Datagram Protocol 2RTP - Real-time Transport Protocol



models are successfully employed for the efficient compres-
sion of video and audio data; codecs such as MPEG-4 (video),
MP3 (audio) and multimedia transmission protocols such as
H.323 have been standardized and commercialized. In con-
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trast to that haptic data reduction techniques are rathenypo ;ggﬁ;; —& - - - - == =

treated in the known literature. The encoding and decoding

takes place in a closed control loop, hence stability wittada e

reduction is a major issue. For example, time delay intro- time

duced by encoding or decoding may destabilize the closebig. 2. Visualization of the deadband control approach in
loop system. comparison with the standard approach.

Only few researchers considered the compression of hap-

tic data. In [4-7] quantization is employed, i.e. the retotu . . - L .
of the signal value is reduced. Differential pulse code mod?' < "° Iongert.ransmltted n eqw@stapt time intervalss 191
ulation (DPCM) together with a fixed rate quantization hasV|suaI|zed in Figure 2 where the time instants of packetstran

been proposed in [7], DPCM with Huffman coding in [6], mission for the example signal when using our deadband ap-

and adaptive DPCM together with Huffman coding has beet‘?maCh are representeq by triangles. Deadband cpntrol obvi
considered in [5]. In DPCM local predictions for the signal ously leads to a reduction of the number of transmitted pack-

development are performed at the sender as well as on tlf[”?. s: I, forfexamp:lk:a, the tfeleopsr?tor miv?s '? fTIee sga;:e mo
receiver side, the prediction error is quantized and tranasm ion (zero force) then no force data packets at all are tréansm

ted. As the prediction error is smaller in magnitude than théEd' Accordingly, if the HSI does not move or moves with a

signal itself fewer quantization steps are necessary tieaeh con1s_than':jvelgglty, dno velocng packgt IS transmﬂ;ed,c:ﬂh b
the same quantization noise level as with straight signaheu . e deadband approach to reduce neror tra IC can be
tization. In the adaptive DPCM scheme the quantization i nterpreted as a Ios_sy compression ‘T’"Q_O“thm e_xplo_ltlmg th
temporarily adapted to phases of, e.g., fast and slow motio qct that the_human_ is n_ot al_)Ie to discriminate arbitrarmiha$
Alternatively to quantization, the reduction of sampliaggris differences n haptic s.t|.mul|, See e.g. [9, 1(?]' Eor_ mostéor

a means to compress data. The lossless compression scherr‘?I ted physical quantities the_ ratio of the discriminatioresh-
proposed in [4] adapts the sampling rate to the highestbigng over the base level input is roughly constant ove’r a large
frequency occuring over a past window. A large window siz§@nge [9] and can therefore be represented by Weber's law [11

results in high compression rate, however, also in high tim JrﬁDdisfcriTination thre_shold_, ﬁ?]"e%st ngticab!e differeijni:g 9
delay introduced by this scheme and is therefore not apprao* ): orforce perception wit andandarm IS aroun pol
or velocity around 8% [10]. Inspired by these results a rel-

priate for networked telepresence systems. . . :
With the protocol overhead being the dominant compo-at've deadband is considered here, where the absolute dead-

nent of the haptic telepresence systems induced netwdk traband widthA grows pr.oportlonally/ with the ma}gnltu'de of the
fic volume (62.5 % in the above example), reducing the size arost rece_ntly transmitted value(t’) representing either the
the packet payload, e.qg., by coarser quantization, hadlionly HSI velocity or the teleoperator force

tle effect on the network traffic volume. Reducing the number
of transmitted packets on the other hand, significantlycedu
the traffic volume. The quantization based approaches [5, §q nroportional factoe represents the relative deadband pa-
implicitly allow for packet rate reduction: The signal tamtrs- rameter. is the current time, and is the time instant of

mit takes fewer discrete values, subsequent equal values g9, ot recent transmission. If the measurement is close
not have to be transmitted if a Hold-Last-Sample strategy i§0 zero then the absolute deadband widttbecomes very

employed on the receiver side. This, however, is not COngya theoretically it may become infinitely small resuii
sidered there. Following the sampling/packet rate reducti in high packet rate. For this reason a lower boulg, is
. n

paradigm in this paper a d(_eadbalr.]d. C(I)ntrol approach is intrQqy oy ced, which in practical application can be tunechsuc
duced. Haptic perception is explicitely considered, amd st that the number of transmitted packets is insensitive to-mea

bility i_s investigated. The basic principle is explainedie ¢ .o ant noise.
following.

A(t) = Agery = els(t)], 1)

3.1. Stability Issues
3. DEADBAND CONTROL PRINCIPLE

The transmission of fewer data packets itself does not have
With deadband control measurements are sent over the coran effect on the stability of the haptic feedback system. How
munication network only if the difference between the cotre ever, at each receiver side the local control loops stillrope
measurement and the most recently sent value exceeds a cate at the original constant sampling rate. Accordingly, up
tain threshold, the deadband width. As a result data packetiates of the current velocity/force measurement are redquir



in each sampling instant. Due to the deadband control, howsarameter while maintaining transparency. Thereforesdet
ever, these measurements are not directly available at eatibn thresholds are determined in an experimental usey stud
sampling time instant, but only if a data packet is transeditt  in the next section.
The missing measurements, namely the desired teleoperator The distortion of the velocity signal does not only effect
velocity &¢ and the desired HSI forcg?, have to be recon- the perception of the velocity itself, the velocity errotween
structed. As this takes place in the closed control loop, théhe HSI and the teleoperator may also lead to a position drift
data reconstruction has to preserve stability. The datnrec between the HSI and the teleoperator. The position drifsdoe
struction algorithm not only deteriorate the transparency, but may also drige th
system to inoperability if the HSI or the teleoperator rezch
fl@) = fo() +sign{in(t)} - Ag, ) o thelimit of its workspace. In [14] the velocity/force arti-
ad(t) = an(t') —sign{fo(t)} - A, 1) @ ture is extend_e_d by a ppsition feedf(_)rward. In ord(_er to im-
prove the position tracking this architecture is appliecehe
with f. the environment forceg;, the HSI velocity, and the A HSI position update is transmitted together with the HSI
signum function velocity and used for the teleoperator control.

sign{z} = {_1 itz <0 4. EXPERIMENTAL USER STUDY

1 otherwise
. ] Our design goal is to minimize the network traffic while main-
guarantees stability of the closed loop system. The firgt ter taining transparency as indicated in the previous secfon.
corresponds to a Hold-Last-Sample, which is widely used ifhjs we determine the maximum value of the deadband pa-
sampled data systems. It is modified by the latter term suctymetere where the system still appears transparent. In the
that no energy is generated, i.e. stability is guaranteed. F fq)|owing experimental user study the detection threshatd

further details including a stability proof please refe{1a].  getermined. Furthermore, the effect of the deadband parame
The overall system architecture including the deadbané coRer . on the network traffic is studied.

trol and the data reconstruction is presented in Figure 3.

i [ @ = (=) sy R 4.1. Experimental Apparatus and Conditions
~—] > —»{ E > Recon- > > . . . .
ki struction =  The experimental setup consists of two identical 1-DOF hap-
g Deadband ~ \ 2 £  tic devices connected to a PC and a stiff wall as the environ-
2 |" () Deadband T 2 mentas shown in Figure 4. The teleoperator can be moved
Data g & infree space and a stiff wall (wooden plank) can be touched.
—> <€ Recon-|<€— < |« <€ - . . .
fn fit [struction| (G f f. The angle of the devices is measured by an incremental en-
T , - coder, the force by a strain gauge. The sensor data are pro-
Fig. 3. System architecure with deadband control. cessed in the PC where all control algorithms (HSI force con-

trol, teleoperator velocity control) including the deadt&on-
trol (1) and the data reconstruction (2) are implementea Th
control loops operate at a sampling rate of 1000Hz repre-
senting the standard packet rate without deadband control.
A haptic telepresence system is called transparent if the h'he deadband control and the data reconstruction strategy
man operator may not distinguish between direct and teleare equally applied with the same deadband parameter value
interaction. Ideally he/she feels direct interaction witle  for the velocity and force signal, i.e. in the forward and the
remote environment [13]. Here a weaker interpretation is embackward path. The lower bound, see Section 3 is set to
ployed: A haptic data reduction scheme is called transpa®l small value ofA; min = 0.001rad/s for the velocity and
ent if the human operator may not distinguish between haptito A ¢ min = 0.02 N for the force, chosen such that measure-
tele-interaction with and without haptic data reduction. ment noise has no influence.

The level of transparency with the deadband approach is
determined by the size of the deadband parame(é). A
low value results in low distortion of the velocity and force
signals. On the other hand, a significant packet rate redcultogether 14 subjects (3 female, 11 male, aged 20-50) were
tion is achieved only for appropriate values of the deadbantksted for their detection threshold of the deadband parame
parameter. However, considering the limits of human haptere. Only three of the subjects had an idea what the distortion
tic perception the haptic data reduction may still be transp the deadband parameter introduces in the system would feel
ent with slightly distorted signals. Thus, the design gasal i like. Those three had also prior contact with the experimen-
to minimize the network traffic by maximizing the deadbandtal setup. The other 11 subjects did not know what to expect.

3.2. Transparent Design

4.2. Procedure
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Fig. 4. Experimental apparatus: A one degree-of-freedonkig. 5 Results of our subjective experiment for 14 test sub-
haptic telepresence system. jects.

None of the subjects had any impairments of sensorimotaspecific detection thresholds are in the range between 10%
capabilities. The subjects were not reimbursed. and 22.5%. Only one subject managed to detect the distor-
The subjects were told to operate with their preferred handion introduced bye = 10%, for the remaining 13 subjects
They were equipped with earphones to mask the sound the desrresponding to 93% a higher threshold was determined.

vice motors generate. The view to the teleoperator devise weEleven subjects (79 %) had a detection threshold 11%.
blocked so no information could be drawn from the teleoperThe detection thresholds are at least in the range of thesIND’
ator behavior. During a familiarization phase subjectsewer for velocity and force perception [9, 10]. It should be noted
told to feel operation in free space and in contact with & stifhowever, that JND’s are typically determined in static con-
wall without deadband control applied. As soon as they feltlitions. Here a temporal change of the signal is considered.
familiar with the system the measurement phase began.  The relation between JND’s and the deadband results needs
The deadband parameter detection thresholds were detéurther investigation.
mined using a three interval forced choice (3IFC) paradigm. In order to investigate the effect of the deadband control
The subjects were presented with three consecutive 20s intehe induced network traffic was recorded during the experi-
vals in which they should operate the system. Only in one omental user study. The mean percentage of transmitted pack-
the three intervals, which was randomly determined, the-dea ets as a function of the deadband paramete&r shown in
band algorithm with a certain valuewas applied. The other Figure 6; 100 % represent the standard approach with 1000
two were without deadband control. Every three intervads th packets/s on the forward and the backward path, respectivel
subject had to tell which of the intervals felt differenttithe  As expected, higher deadband parameter leads to higher traf
other two. The experiment started with a deadband paraméic reduction. The traffic volume induced by velocity packets
tere = 2.5% and was increased after every incorrect answeis already at 25 % at a deadband size ef 10% and keeps
up to a maximum o£5%. When an answer was correct, the falling with increasing deadband size. The impact on the
same value was used again until three consecutive right anumber of force packets transmitted is even higher. Already
swers were given. After this first pass, the subjects werk tolate = 2.5% the network traffic volume in the backward path
how the distortion feels like and with what kind of techniqueis less than 10 % of the standard approache At 10% only
they should be able to perceive it best. Then the same prd5 % of the original number of packets is transmitted. This
cedure as before was applied. After another three consecteans an average network traffic reduction by 85 %; 93% of
tive right answers was reduced by 50% without telling the the subjects were not able to feel the transparency dederior
subjects and the procedure was repeated. The mean valuetioi introduced by the corresponding deadband parameter.
the threec values at which the consecutive right answers oc-

curred were taken as the deadband detection thresholdefor tl S 100

%

specific subject_ ?U; \\;LOO% = transmitted packets for full pa{cket rate (lObO packets/s
S "\ velocity packets
8 sl S (forward path)
SRR -
3. rimental Result g ' R all packets
4.3. Experimental Results % ) S - backward path
\ 4 A
The specific results for every subject are shown in Figure £ % 150 I S S :if%_%, ,F 4
Comparing the results of the three passes for the individu¢ = "o 5 10 15 20 25

subject, all subjects had a significantly higher detectivesh- Deadband € [%]

old in the first pass when they did not know what kind of dis-

tortion they had to expect. Hence, the distortion introduce Fig. 6. Network traffic reduction by deadband control: Av-
by this deadband approach is not necessarily perceived &sage number of transmitted packets depending on the dead-
disturbing or impairing the contact impression. The subjecband parameter.



In summary, the deadband control approach is very promisfb] A. Ortega and Y. Liu,
ing with respect to transparent network traffic reduction in
haptic telepresence systems. It should be emphasized, how-
ever, that the reported network traffic reduction is a mean

value. Strict communication rate guarantees cannot begive

The main contribution of this paper is a novel approach to re-
duce the network traffic in haptic telepresence systems. The
proposed deadband control transmits a haptic data padket on
if the difference between the current and most recently sent
value exceeds a certain threshold. Inspired by Weber's law{7] C. W. Borst,

5. CONCLUSIONS AND FUTURE RESEARCH

the threshold proportionally increases with the signal mrag

tude. As zero time delay is assumed here for the data trans-

mission, the deadband is directly applied to velocity amddo

signals. Stability is guaranteed by appropriate data recon

struction. The deadband detection threshold of 14 subjgcts

determined in an experimental user study with a one-degree
of-freedom telepresence system. The results show that a sig

nificant network traffic reduction of up to 85% is achieved
without impairing the perception of the remote environment

The presented algorithm is to the authors knowledge the firsfg] G.C. Burdea, Force and Touch Feedback for Virtual

approach exploiting human haptic perception to reduce the

data rate of haptic information.

Future research is to determine the optimal deadband strdi0]
egy, its combination with prediction as in DPCM and the ex-

tension of the approach to multi-degree-of-freedom system
A long term goal is the definition of haptic data reduction

standards and protocols and an integrated approach to d
transmission in multimodal networked telepresence ared tel

action systems.
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